Introduction
============

Hypoxic ischemic encephalopathy (HIE) is the most common brain injury caused by hypoxia and/or ischemia during the perinatal period, which is a leading cause of perinatal mortality in obstetrics and gynecology departments ([@b1-mmr-18-02-1899]). HIE frequently leads to neurological sequelae, including seizures, learning impairment, mental retardation, epilepsy, visual impairment and cerebral palsy, unconsciousness and muscle weakness ([@b2-mmr-18-02-1899],[@b3-mmr-18-02-1899]). Research has indicated that neuroprotection has a crucial role in the progression of perinatal HIE in pediatric patients in low-income countries ([@b4-mmr-18-02-1899]). Additionally, reports have suggested that apoptosis rate, inflammatory cytokines and oxidative stress levels may regulate neuroprotection in neurons during the progression of HIE. Evidence has suggested that Tanshinone IIA (Tan-IIA) is a potential agent for the treatment of cardiovascular and cerebrovascular diseases ([@b5-mmr-18-02-1899]). Therefore, the therapeutic effects of Tan-IIA were investigated in a HIE mouse model.

Tan-IIA is a traditional Chinese medicine, extracted from danshen that has been clinically used for treatment of various human diseases ([@b5-mmr-18-02-1899],[@b6-mmr-18-02-1899]). Research has indicated that Tan-IIA administration may improve biochemical changes associated with cardiac functions and increase fetal systolic pressure ([@b7-mmr-18-02-1899]). In addition, Tan-IIA exhibits therapeutic potential with protective effects on cardiovascular functions ([@b8-mmr-18-02-1899]). Furthermore, Tan-IIA is reported to regulate mitogen-activated protein kinase signaling pathway to enhance neuron regeneration ([@b9-mmr-18-02-1899]). In this study, the beneficial effects of Tan-IIA on apoptosis, inflammation and oxidative stress were investigated in a mouse model of HIE. The potential neuroprotective effects of Tan-IIA were primarily examined.

Currently, apoptosis of neurons has an essential role in progression of HIE, with potential markers of apoptosis-associated proteins are upregulated during neonatal HIE injury ([@b10-mmr-18-02-1899]). The role of inflammatory cytokines in neuronal apoptosis of neonatal rats with HIE has been reported previously and the results indicated that inhibition of inflammatory cytokines, including tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6), suppresses HIE-induced neuronal apoptosis ([@b11-mmr-18-02-1899]). In addition, endoplasmic reticulum stress also was associated with the activation of activating transcription factor-6 (ATF6) and caspase-12 induced by apoptosis in neonatal HIE during the perinatal period, and results indicated that apoptosis promotes HIE brain injury, mediated by upregulation of endoplasmic reticulum stress ([@b12-mmr-18-02-1899]). Furthermore, Johnson *et al* ([@b13-mmr-18-02-1899]) demonstrated that perinatal inflammation and infection caused by ischemia is associated with correction of metabolic acidosis in HIE. Furthermore, Chapados and Cheung ([@b14-mmr-18-02-1899]) suggested that oxidative stress is increased in rat pups following HIE and decreasing oxidative stress is beneficial for improving HIE of the newborn rats. These reports suggest that inflammation, oxidative stress and apoptosis are associated with the progression of HIE during the perinatal period.

In the current study, the regulatory effects of Tan-IIA on the progression of HIE during perinatal period were investigated. The inhibitory effects of Tan-IIA on inflammation, oxidative stress and apoptosis was analyzed in a mouse model of HIE. Body weight, brain water content and blood-brain barrier permeability were also determined in newborn mice with HIE following Tan-IIA treatment.

Materials and methods
=====================

### Ethics statement

This preclinical investigation was conducted by accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of Renmin Hospital of Wuhan University (Wuhan, China). This study was approved by the ethics committee of Renmin Hospital of Wuhan University. All surgery and experiments were performed under anesthetic.

### Cell culture

Neurons were isolated from experimental mice and cultured in Dulbecco\'s modified Eagle\'s medium with 10% fetal bovine serum and incubated overnight at 37°C humidified atmosphere of 5% CO~2~. Neurons were treated with 10 mg/ml Toll-like receptor-4 (TLR-4) and/or Tan-IIA with PBS as control for 24 h for further analysis *in vitro*.

### Animal study

A HIE mouse model was conducted as previously described ([@b15-mmr-18-02-1899]). Postnatal day 10 C57BL/6J mice were purchased from Slac Shang Experimental Co., Ltd. (Shanghai, China) and anesthetized to make a unilateral right common carotid artery ligation by performing a 5-0 surgical silk suture. Mice were then divided into two groups: One treated with Tan-IIA (5 mg/kg) and the other treated with PBS daily for 15 days by oral administration.

### Counting of lymphocytes and monocytes

The percentage of lymphocytes and monocytes was calculated according to electrical impedance method ([@b16-mmr-18-02-1899]) and laser scattering method by blood cytometer (Vi-cell XR, Beckman Coulter, Inc., Brea, CA, USA). The normal reference values of lymphocytes and monocytes in rats were lymphocytes (62.76 to 90.19%): Mononuclear cells (0--3%).

### ELISA

In the protein detection assay, mouse IL-1 (cat. no. MLB00C; R&D Systems, Inc., Minneapolis, MN, USA), mouse IFN-γ (cat. no. MIF00; R&D Systems, Inc., Minneapolis, MN, USA), TNF-α (cat. no. P06804; R&D Systems, Inc.), C-X-C motif chemokine 10 (CXCL10; cat. no. 15945; R&D Systems, Inc.) and chemokine (C-C motif) ligand 12 (CCL12; cat. no. ABIN924766; antibodies-online GmbH, Aachen, Germany) ELISA kits were used to analyze serum levels of inflammatory factors in mice treated with Tan-IIA or PBS. The procedures were conducted according to the manufacturer\'s instructions. The final results were recorded at 450 nm using an ELISA plate reader.

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Total RNA was isolated from hippocampus using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Total RNA was used to produce cDNA by one step RT-PCR kit (RR037A, Takara Biotechnology, Co., Inc., Tokyo, Japan) and the protocol is 37°C for 15 min, 85°C for 5 sec The prepared cDNA was used to analyze reactive oxygen species (ROS), superoxide dismutase (SOD), catalase (CAT), glutathione (GSH), SRY-box 2 (Sox2) and nerve growth factor (NGF) with β-actin as an endogenous control. The amplified PCR products were quantified by measuring the calculated quantitation cycle (Cq) of sample mRNA using SYBR^®^ qPCR: Premix Ex Taq^™^ II (TIi RNase H Plus) kit and the thermocycling conditions were: Preheating 92°C (1 min 30 sec), followed by 28 cycles of 92°C (30 sec) and 65°C (1 min) (RR420A, Takara Biotechnology, Co., Inc.). All primers were synthesized by Invitrogen (Thermo Fisher Scientific, Inc.; [Table I](#tI-mmr-18-02-1899){ref-type="table"}). Relative changes in mRNA expression were calculated by 2^−ΔΔCq^ ([@b17-mmr-18-02-1899]). The results are expressed as the n-fold difference relative to β-actin.

### Western blot analysis

Neurons were isolated from experimental mice and homogenized in lysate buffer (cat. no. 3096; Bio-Rad Laboratories, Inc., Hercules, CA, USA). The supernatant was acquired by centrifugation at 13,400 × g for 25 min at 4°C; total protein was quantified using a Bicinchoninic Acid Protein Assay kit (cat. no. 23228; Beyotime Institute of Biotechnology, Nanjing, China). Samples (20 µg) were electrophoresed via 15% SDS-PAGE and transferred to a polyvinylidene fluoride membrane (EMD Millipore, Billerica, MA, USA).

Proteins of caspase-3 (cat. no. ab2172; Abcam, Cambridge, UK), caspase-9 (cat. no. ab32539; Abcam), Bcl-2 apoptosis regulator (Bcl-2; cat. no. ab692; Abcam), P53 (cat. no. ab61241; Abcam), TLR-4 (cat. no. ab22048; Abcam), nuclear factor-κB (NF-κB; cat. no. ab28849; Abcam), ATF-6 (cat. no. ab11909; Abcam), the transcription factor C/EBP homologous protein (CHOP; cat. no. ab171894; Abcam) and apoptotic peptidase activating factor-1 (Apaf-1; cat. no. ab32372; Abcam) were detected. Transmembrane proteins were extracted using Transmembrane Protein Extraction kit (Qiagen Sciences, Inc., Gaithersburg, MD, USA) according to the manufacturer\'s instructions. For western blotting, primary antibodies were added after blocking (5% skimmed milk) and were incubated for 1 h at 37°C and washed with PBS three times. Subsequently, the nitrocellulose membrane was incubated with secondary antibodies, for 24 h at 4°C and washed with PBS three times. The results were visualized by using browser-based Digital Darkroom software (Darkroom Software LLC, Plano, TX, USA) of FluorChem R chemi-luminescence detection system (ProteinSimple, San Jose, CA, USA).

### Flow cytometry analysis

Apoptosis rates of neurons were evaluated using Annexin V-fluorescein isothiocyanate (Annexin V-FITC) and propidium iodide (PI) apoptosis detection kit (BD Biosciences, San Jose, CA, USA). Neurons were collected and suspended with Annexin V-FITC and PI according to the manufacturer\'s instructions. Fluorescence was measured with a FACS scan flow cytometer (BD Biosciences).

### Immunohistochemistry

Brains tissues were fixed in formalin fluid for 24 h at room temperature and embedded in paraffin; 8 µm sections were used for further analysis. The paraffin sections were incubated in hydrogen peroxide (4.0%) for 10--15 min at 37°C and subsequently rinsed three times with PBS, 5 min per wash. The sections were blocked with blocking solution (pH 7.2--7.4, NaCl 137 mmol/l, KCl 2.7 mmol/l, Na2HPO4 10 mmol/l, KH2PO4 2 mmol/l) at room temperature for 30 min and stained with 0.1% cresyl violet at 4°C for 12 h. All sections were washed three times with PBS. Cerebral infarction area was measured under a microscope, with Stereo Investigator software (MBF Bioscience, Williston, VT, USA) as previously described ([@b18-mmr-18-02-1899]).

### Detection of NF-κB activity

The activity of NF-κB in experimental mice rats was detected according to the manufacturer\' protocols using an NF-κB Activation-Nuclear Translocation Assay kit (cat. no. SN368, Beyotime Institute of Biotechnology).

### Brain water content

The experimental mice were sacrificed under isoflurane anesthesia at 15 days post-treatment with Tan-IIA. Brain hemispheres were weighed prior to and following drying. Brain water content (%) was calculated as (wet weight-dry weight)/wet weight ×100.

### Evan\'s blue dye extravasation assay

Evan\'s Blue dye extravasation was performed according to a previously described report ([@b19-mmr-18-02-1899]). Evan\'s Blue dye was administered by intraperitoneal injection. Experimental mice were sacrificed to measure blood-brain barrier permeability 24 h after administration. The brain hemispheres were homogenized (50% tri-chloroacetic acid; 3:1) and analyzed at 620 nm by spectrophotometry.

### ROS productions assay

Reactive Oxygen Species Assay Kit (University of Rochester Medical Center, Rochester, NY, United States) was used to evaluate the changes of ROS productions in neurons isolated from experimental mice. Briefly, neurons were cultured in for 24 h at 37°C. Supernatants were removed and incubated with dichlorofluorescin (10 µmol/l) for 20 min at 37°C. Cells were washed with serum-free medium and were measured at 480 nm using an ELISA plate reader.

### Transfection of small interfering RNA (Si-RNA)

All siRNAs were synthesized by Invitrogen (Thermo Fisher Scientific, Inc.) including Si-RNA-TLR-4 (Si-TLR-4) or Si-RNA-vector (Si-vector). A total of 120 pmol Si-TLR-4 (sense, 5′-UCCCCAAGUCAAUCUCUCUTT-3′ and anti-sense-5′-AGAGAGAUUGACUUGGGGATT-3′) or Si-vector (sense, 5′-UUCUCCGAACGUGUCACGUTT-3′ and anti-sense-5′-ACGUGACACGUUCGGAGAATT-3′) was delivered into the neurons cells by electroporation. Standard electroporation was performed using an Amaxa Cell line Nucleofector Kit L (Lonza Group, Ltd., Basel, Switzerland) according to the manufacturer\'s protocols. Briefly, 5×10^6^ cells were suspended in 100 ìl of nucleofector solution, Si-RNA-TLR-4 or negative control (Si-RNA-vector) was added to the suspension, and then electroporation was conducted at 140 V (250 ms/pulse, eight pulses; 10 µsec).

### Fluoro-Jade C staining assay

Fluoro-Jade C staining was used to label degenerating neurons using Fluoro-Jade C Ready-to-Dilute Staining kit (cat. no. TR-100-FJ; Biosensis Pty Ltd., Thebarton, Australia) to identify degenerating neurons. Neurons were isolated from experimental mice and cultured in 6-well plates for 12 h at 37°C. Cell culture medium was removed and labeled with 1 mg/ml DAPI for 15 min or 0.001% Fluoro-Jade C for 20 min according to manufacturer\'s instructions. Fluoro-Jade C-labeled degenerating neurons were visualized with blue light excitation while DAPI counter stained cell nuclei were visualized with ultra-violet illumination.

### Short-term neurobehavioral analysis

The geotactic reflex test was performed as previously described ([@b20-mmr-18-02-1899]). Neurobehavioral analysis of mice was performed at baseline and the 72-h after treatment with Tan-IIA or PBS.

### Statistical analysis

SPSS 12.0 statistical analysis software (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. All data are presented as the mean ± standard error from three or more experimental repeats. Unpaired data were analyzed by Student\'s t-test. Comparisons between multiple groups were analyzed by one-way ANOVA. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Tan-IIA inhibits inflammatory cytokines in peripheral blood of mice with perinatal HIE

As presented in [Fig. 1A](#f1-mmr-18-02-1899){ref-type="fig"}, Tan-IIA treatment decreased production of inflammatory cytokine IL-1 in the peripheral blood of mice with perinatal HIE. Additionally, TNF-α plasma concentration levels were decreased by Tan-IIA ([Fig. 1B](#f1-mmr-18-02-1899){ref-type="fig"}). Results also demonstrated that serum levels of CXCL10 and CCL12 were downregulated in mice with perinatal HIE following treatment with Tan-IIA ([Fig. 1C and D](#f1-mmr-18-02-1899){ref-type="fig"}). Further, counting with a blood cytometer revealed that the percentage of lymphocytes and monocytes in peripheral blood were decreased by Tan-IIA in mice with perinatal HIE compared with control treatment ([Fig. 1E and F](#f1-mmr-18-02-1899){ref-type="fig"}). These data indicate that Tan-IIA significantly reduces the level of inflammatory cytokines in peripheral blood of mice with perinatal HIE.

### Tan-IIA decreases endoplasmic reticulum stress and oxidative stress in mice with perinatal HIE

Following analysis of Tan-IIA-mediated inflammatory cytokines, endoplasmic reticulum and oxidative stress were examined in neurons from Tan-IIA-treated HIE mice. The results demonstrated that ROS productions and GSH mRNA expression levels were downregulated by Tan-IIA in serum in experimental mice ([Fig. 2A and B](#f2-mmr-18-02-1899){ref-type="fig"}). In addition, the mRNA expression levels of SOD and CAT were also decreased by Tan-IIA in the serum of experimental mice compared with the control group ([Fig. 2C and D](#f2-mmr-18-02-1899){ref-type="fig"}). Furthermore, protein expression levels of ATF-6 and CHOP were decreased in neurons following treatment with Tan-IIA ([Fig. 2E and F](#f2-mmr-18-02-1899){ref-type="fig"}). These data indicate that Tan-IIA treatment decreases endoplasmic reticulum stress and oxidative stress in mice with perinatal HIE, which may contribute to reduced apoptosis of neurons in the central nervous system following HIE.

### Tan-IIA suppresses apoptosis of neurons in mice with perinatal HIE

Subsequently, the anti-apoptosis effects of Tan-IIA on neurons in mice model of HIE. As presented in [Fig. 3A](#f3-mmr-18-02-1899){ref-type="fig"}, the apoptosis rate of neurons was decreased by 15 days of Tan-IIA treatment. The expression levels of pro-apoptosis protein, caspase-3 and caspase-9, were suppressed by Tan-IIA compared with control in neurons from HIE model mice ([Fig. 3B and C](#f3-mmr-18-02-1899){ref-type="fig"}). However, the expression levels of anti-apoptosis proteins, Bcl-2 were upregulated by Tan-IIA treatment in neurons from HIE mice compared with the control ([Fig. 3D and E](#f3-mmr-18-02-1899){ref-type="fig"}). Notably, serum levels of IFN-γ anti-cytokine were upregulated by Tan-IIA compared with the control group ([Fig. 3F](#f3-mmr-18-02-1899){ref-type="fig"}). The data demonstrate that Tan-IIA can markedly inhibit apoptosis of neurons in mice with perinatal HIE.

### Tan-IIA regulates neuroactive factors through inhibition of TLR-4-mediated NF-κB pathway

The molecular mechanisms of Tan-IIA-mediated neuroprotective effects in neurons isolated from experimental mice were investigated. TLR-4 expression levels were downregulated by Tan-IIA treatment ([Fig. 4A](#f4-mmr-18-02-1899){ref-type="fig"}). NF-κB expression was also decreased by Tan-IIA treatment in neurons isolated from experimental mice compared with control ([Fig. 4B](#f4-mmr-18-02-1899){ref-type="fig"}). Tan-IIA treatment promoted the mRNA expression of neuroactive factors Sox2 and NGF in neurons ([Fig. 4C and D](#f4-mmr-18-02-1899){ref-type="fig"}). *In vitro* experiments using cells used extracted from the HIE model control demonstrated that TLR-4 addition abolished the inhibitory effects of Tan-IIA on NF-κB activity ([Fig. 4E](#f4-mmr-18-02-1899){ref-type="fig"}). In addition, TLR-4 addition inhibited production of Sox2 and NGF promoted by Tan-IIA ([Fig. 4F](#f4-mmr-18-02-1899){ref-type="fig"}). Furthermore, TLR-4 addition upregulated Apaf-1 expression, and downregulated Bcl-2 expression in neurons ([Fig. 4G and H](#f4-mmr-18-02-1899){ref-type="fig"}). These results suggest that Tan-IIA regulates neuroactive factors and apoptosis of neurons through inhibition of TLR-4-mediated pathways.

### Knockdown of TLR-4 blocks Tan-IIA-improved inflammation, stress and apoptosis in neurons in HIE

The effects of TLR-4 knockdown were analyzed using Si-TLR-4 to determine the effects on inflammation, stress and apoptosis in Tan-IIA treated neurons following HIE. As presented in [Fig. 5A](#f5-mmr-18-02-1899){ref-type="fig"}, IL-1 and TNF-α expression levels were increased by TLR-4 knockdown in Tan-IIA-treated neurons isolated from HIE mice. TLR-4 knockdown also abrogated expression levels of CAT, SOD and GSH in neurons isolated from Tan-IIA-treated HIE mice ([Fig. 5B](#f5-mmr-18-02-1899){ref-type="fig"}). The results demonstrated that TLR-4 knockdown abolished Tan-IIA-inhibited apoptosis of neurons isolated from Tan-IIA-treated HIE mice ([Fig. 5C](#f5-mmr-18-02-1899){ref-type="fig"}). NF-κB, ATF-6 and CHOP expression levels were upregulated by Si-TLR-4 neurons isolated from Tan-IIA-treated HIE mice ([Fig. 5D](#f5-mmr-18-02-1899){ref-type="fig"}). TLR-4 knockdown increased ROS production in neurons isolated from Tan-IIA-treated HIE mice ([Fig. 5E](#f5-mmr-18-02-1899){ref-type="fig"}). These results suggest that TLR-4 knockdown can block Tan-IIA-induced effects on inflammation, stress and apoptosis in neurons from HIE model mice.

### Tan-IIA improves infarct volume and neuronal degeneration in mice with perinatal HIE

Finally, the effect of Tan-IIA on infarct volume and neuronal degeneration in mice with perinatal HIE was investigated. As presented in [Fig. 6A](#f6-mmr-18-02-1899){ref-type="fig"}, Tan-IIA treatment decreased infarct volume caused by perinatal HIE. In order to analyze the efficacy of Tan-IIA on apoptosis of hippocampal cells, Fluoro-Jade C staining was performed. Immunohistochemistry demonstrated that Tan-IIA treatment decreased the number of damaged neurons in the hippocampal region of the brain of HIE mice ([Fig. 6B](#f6-mmr-18-02-1899){ref-type="fig"}). In addition, neurobehavioral tests demonstrated that Tan-IIA treatment markedly improved physical dysfunction of mice with perinatal HIE determined by short-term neurobehavioral analysis ([Fig. 6C](#f6-mmr-18-02-1899){ref-type="fig"}). Furthermore, Tan-IIA treatment markedly reduced brain water content and blood barrier permeability in brain in mice with perinatal HIE ([Fig. 6D and E](#f6-mmr-18-02-1899){ref-type="fig"}). Furthermore, body weight of mice with perinatal HIE was also increased by Tan-IIA treatment compared with the control ([Fig. 6F](#f6-mmr-18-02-1899){ref-type="fig"}). These results suggest that Tan-IIA is beneficial for improving the infarct volume and neuronal degeneration in mice with perinatal HIE.

Discussion
==========

HIE is severe brain disease caused by brain hypoxia and/or ischemic damage, which leads to a series of brain dysfunction, such as perinatal asphyxia and various neurological sequelae for newborns ([@b21-mmr-18-02-1899]). Clinical investigation has indicated that HIE often results in mental retardation, epilepsy and cerebral palsy ([@b22-mmr-18-02-1899]). Currently, although more and more therapeutic methods have been proposed, the therapeutic efficacy is limited for patients with HIE following neuroprotection pharmacotherapy, regarding improvement of inflammation, apoptosis and oxidative stress in the central nervous system ([@b23-mmr-18-02-1899]). Tan-IIA is a traditional Chinese medicine that is used as drug for the treatment of cardiovascular and cerebrovascular diseases ([@b5-mmr-18-02-1899]). The current study investigated the therapeutic effects of Tan-IIA and analyzed the molecular mechanism of Tan-IIA-mediated benefits for HIE. The data indicated that Tan-IIA improved inflammation, oxidative stress and apoptosis in a mouse model of HIE.

Inflammation is an important feature of patients with HIE, and HIE may also lead to other conditions, including cranial nerve palsy ([@b24-mmr-18-02-1899]). A previous study reported that inflammation is associated with metabolic acidosis in HIE, which may aggravate neurological outcomes ([@b13-mmr-18-02-1899]). Girard *et al* ([@b25-mmr-18-02-1899]) reported that administration of IL-1 receptor antagonist exerts neuroprotective effects during perinatal inflammation and/or hypoxic-ischemic injuries. In addition, the role of TNF-α in neuronal apoptosis in neonatal rats with HIE has been investigated and may presents an important role in the progression of HIE ([@b11-mmr-18-02-1899],[@b26-mmr-18-02-1899]). Furthermore, chemokines CXCL10 and CCL12 have been identified to be involved in intracranial inflammation and contribute to nerve injury ([@b27-mmr-18-02-1899],[@b28-mmr-18-02-1899]). The results of the current study demonstrated that Tan-IIA reduced the plasma concentration of IL-1, TNF-α, CXCL10 and CCL12 in the mouse model of HIE. Inflammatory responses were also downregulated by Tan-IIA treatment.

Oxidative and reductive stress are essential for dynamic phases experienced by cells undergoing adaptation towards endogenous or exogenous noxious stimuli ([@b29-mmr-18-02-1899]). Mitochondrial malfunction is the common denominator arising from the aberrant functioning of the rheostat that maintains the homeostasis between oxidative and reductive stress in neurons ([@b30-mmr-18-02-1899]). Maladaptation during oxidative stress may have a pivotal role in the pathophysiology of HIE ([@b14-mmr-18-02-1899],[@b31-mmr-18-02-1899]). Demarest *et al* ([@b32-mmr-18-02-1899]) have analyzed the correlation of mitochondrial respiratory impairment and oxidative stress in a rat model of neonatal HIE and the results demonstrated that attenuation of oxidative stress can protect neurons against the loss of mitochondrial glutathione peroxidase activity. Evidence has also indicated that endoplasmic reticulum stress is a crucial risk factor in the pathogenic progression of HIE. Wang *et al* ([@b33-mmr-18-02-1899]) reported that notoginsenoside R1 protects neurons against neonatal cerebral HIE through estrogen receptor-dependent activation of endoplasmic reticulum stress pathways. In the current study, Tan-IIA-mediated endoplasmic reticulum stress and oxidative stress were investigated in HIE mice. The data demonstrated that Tan-IIA may be an efficient agent for inhibition of endoplasmic reticulum stress and oxidative stress in the central nervous system.

Apoptosis of neurons has a crucial role in the initiation and development of HIE. In the current study, the effect of Tan-IIA on apoptosis of neurons in mice with HIE was analyzed. The results provided potential mechanisms of Tan-IIA-mediated apoptosis resistance. A previous study reported that inhibition of apoptosis can protect neurons against hypoxic-ischemic injury by inhibiting parthanatos and necroptosis ([@b34-mmr-18-02-1899]). In addition, Yan *et al* ([@b35-mmr-18-02-1899]) also reported that upregulation of Bax and Bcl-2 expression inhibited neural apoptosis in neonatal rats with hypoxic-ischemic brain damage. Furthermore, research has indicated that NF-κB contributes to 6-hydroxydopamine-induced apoptosis of nigral dopaminergic neurons through downregulation of P53 ([@b36-mmr-18-02-1899]). Furthermore, blocking of the NF-κB pathway inhibited apoptosis of neurons in transgenic X-linked inhibitor of apoptotic protein mice and hippocampal rat ([@b37-mmr-18-02-1899]). Notably, the present study demonstrated that Tan-IIA decreases TLR-4 expression, which has been reported to be positively associated with apoptosis of neuroblastoma cells following ischemia-reperfusion injury in the rat retina *in vivo* ([@b38-mmr-18-02-1899]). The findings of the current study illustrated that Tan-IIA regulates apoptosis of neurons through inhibition of TLR-4-mediated NF-κB signaling.

In conclusion, intravenous injection of Tan-IIA treatment reduced neuronal apoptosis through TLR-4-mediated NF-κB signaling in a neonatal HIE mouse model. Tan-IIA treatment reduced the plasma levels inflammatory factors, IL-1, TNF-α, CXCL10 and CCL12, and also reduced endoplasmic reticulum stress and oxidative stress in the central nervous system. Notably, Tan-IIA treatment markedly suppresses apoptosis of neurons and reduced the physical dysfunction in mice following perinatal HIE. Tan-IIA treatment improved the infarct volume and neuronal degeneration in mice with perinatal HIE. These investigations suggest that Tan-IIA treatment may be a potential agent for the treatment of HIE; however, a sham group was not employed in the present study, which may pose a limitation. Further preclinical and clinical investigations should be performed to validate the efficacy and safety of Tan-IIA.
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![Effects of Tan-IIA on endoplasmic reticulum stress and oxidative stress in peripheral blood of mice with perinatal hypoxic ischemic encephalopathy. (A) Productions of reactive oxygen species and (B) mRNA expression levels GSH in serum in experimental mice. mRNA expression levels of (C) SOD and (D) CAT in serum in experimental mice following treatment with Tan-IIA. Expression levels of (E) ATF-6 and (F) CHOP in neurons in experimental mice following treatment by Tan-IIA or PBS. \*\*P\<0.01. Tan-IIA, Tanshinone IIA; DCF, dichlorofluorescin; GSH, glutathione; SOD, superoxide dismutase; CAT, catalase; ATF6, activating transcription factor-6; CHOP, C/EBP homologous protein.](MMR-18-02-1899-g01){#f2-mmr-18-02-1899}

![Effects of Tan-IIA on apoptosis of neurons in mice with perinatal hypoxic ischemic encephalopathy. (A) Apoptosis rate of neurons in experimental mice after treated by Tan-IIA or PBS. Apoptosis rate=(Annexin V^+^/PI^+^)/PI^+^. Gene expression levels of (B) caspase-3 and (C) caspase-9 in neurons from experimental mice following treatment with Tan-IIA or PBS. Protein expression levels of (D) Bcl-2 and (E) P53 in neurons in experimental mice following treatment with Tan-IIA or PBS. (F) Anti-cytokine IFN-γ serum levels in experimental mice following treatment with Tan-IIA or PBS. \*\*P\<0.01. Tan-IIA, Tanshinone IIA; Bcl-2, Bcl-2 apoptosis regulator; IFN-γ, interferon-γ.](MMR-18-02-1899-g02){#f3-mmr-18-02-1899}

![Tan-IIA promotes neuroactive factors expression through inhibition of TLR-4-mediated NF-κB pathway. (A) TLR-4 expression levels in neurons in experimental mice following treatment with by Tan-IIA or PBS. (B) NF-κB expression levels in neurons in experimental mice after treated by Tan-IIA or PBS. mRNA expression levels of neuroactive factors (C) Sox2 and (D) NGF in neurons from experimental mice following treatment with Tan-IIA or PBS. (E) Effects of TLR-4 on NF-κB in neurons *in vitro*. (F) Effects of TLR-4 on production of Sox2 and NGF in neurons *in vitro*. Effects of TLR-4 on expression levels of (G) Apaf-1 and (H) Bcl-2 in neuron *in vitro*. \*\*P\<0.01. TLR-4, Toll-like receptor-4; Tan-IIA, Tanshinone IIA; NF-κB, nuclear factor-κB; Sox2, SRY-box 2; NGF, nerve growth factor; Apaf-1, apoptotic peptidase activating factor-1; Bcl-2, Bcl-2 apoptotic regulator.](MMR-18-02-1899-g03){#f4-mmr-18-02-1899}
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TLR-4 knockdown blocks Tan-IIA-improved inflammation, stress and apoptosis in neurons following HIE. (A) TLR-4 knockdown increased IL-1 and TNF-α expression levels in neurons isolated from Tan-IIA-treated HIE mice. (B) TLR-4 knockdown increases expression levels of CAT, SOD and GSH in neurons isolated from HIE mice. (C) TLR-4 knockdown upregulates apoptosis of neurons isolated from HIE mice. (D) TLR-4 knockdown upregulates NF-κB expression in neurons in isolated from HIE mice. (E) TLR-4 knockdown increases ROS production in neurons isolated from HIE mice. \*\*P\<0.05. HIE, hypoxic ischemic encephalopathy; IL-1, interleukin-1; ROS, reactive oxygen species; TNF-α, tumor necrosis factor-α; Si, small interfering RNA; TLR-4, Toll-like receptor-4; CAT, catalase; SOD, superoxide dismutase; GSH, glutathione; ATF-6, activating transcription factor-6; CHOP, C/EBP homologous protein.
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![Tan-IIA decreases infarct volume and neuronal degeneration in mice with perinatal HIE. (A) Effects of Tan-IIA on infarct volume in hippocampus in experimental mice following treatment with Tan-IIA or PBS. (B) Neuronal damage in the hippocampal region of the mice brain following treatment with Tan-IIA or PBS. (C) Short-term neurobehavioral tests in HIE mice following treatment with Tan-IIA or PBS. (D) Brain water content in HIE mice following treatment with Tan-IIA or PBS. (E) Blood barrier permeability in brain in mice with perinatal HIE following treatment with Tan-IIA or PBS. (F) Body weight of mice with perinatal HIE following treatment with Tan-IIA or PBS. \*\*P\<0.01. HIE, hypoxic ischemic encephalopathy; Tan-IIA, Tanshinone IIA.](MMR-18-02-1899-g06){#f6-mmr-18-02-1899}

###### 

Primer sequences used for reverse transcription-quantitative polymerase chain reaction.

  Target gene   Forward primer                    Reverse primer
  ------------- --------------------------------- ---------------------------------
  SOD           5′-AATGTGTCCATTGAAGATCGTGTGA-3′   5′-GCTTCCAGCATTTCCAGTCTTTGTA-3′
  GSH           5′-AATCCTGCTTGGGTATCAGG-3′        5′-GAGACCCAGTCTCAGGGAAA-3′
  CAT           5′-GAGCCTCCTAGAAAGATCTAC-3′       5′-GCCAGCCTAGGGCTGAGCTG-3′
  Sox-2         5′-GGTCGAGGTAGTAGACCTTACA-3′      5′-GTTCGTCTCTGTGGTCAGATTC-3′
  NGF           5′-TTTGTCTAACCCTAACTGAGAAGG-3′    5′-CTCTAGAATGAACGGTGGAAGG-3′
  β-actin       5′-GTGGGCGCCCAGGCACCA-3′          5′-CTCCTTAATGTCACGCACGATTT-3′

SOD, superoxide dismutase; GSH, glutathione; CAT, catalase; Sox2, SRY-box 2; NGF, nerve growth factor.
